In mammalian females, most genes on one X chromosome are transcriptionally silenced as a result of X chromosome inactivation. Whereas it is well established that some X-linked genes ''escape'' X inactivation and are expressed from both active (Xa) and inactive (Xi) X chromosomes, most models for the chromosomal control of X-linked gene expression assume that the X inactivation status of a given gene is constant among different females within a population. In this report, we test the expression of human X-linked genes in primary cell lines from females with complete nonrandom X inactivation, by using transcribed polymorphisms to distinguish Xa and Xi expression. Six X-linked genes used to document this assay system showed monoallelic expression in all informative cell lines, consistent with X inactivation. However, a novel pattern of expression was observed for another gene, REP1; monoallelic expression, indicating inactivation, was detected in some lines, whereas biallelic expression, indicating escape from inactivation, was detected in others. Furthermore, levels of Xi expression varied among cell lines that expressed REP1. The cellular basis of Xi expression was examined by expression assays in single cells. These data indicate that REP1 is expressed from the Xi in all cells, but that the level of expression relative to Xa levels is reduced. These findings suggest that Xi gene expression is under a previously unsuspected level of genetic or epigenetic control, likely involving local or regional changes in chromatin organization that determine whether a gene escapes or is subject to X inactivation.
Early in female development in eutherian mammals, X chromosome inactivation transcriptionally silences most genes on one X chromosome as a mechanism of dosage compensation. However, a number of X-linked genes ''escape'' X inactivation and are expressed from both the active (Xa) and inactive (Xi) X chromosomes (1, 2) . Although it is well known that there are differences between species in Xi gene expression [for example, some genes that escape inactivation in humans are inactivated in mouse or vice versa (3-6)], it is generally assumed that the X inactivation status of a given gene is constant among different females within a species. However, this assumption is based on studies of a limited number of genes; with the exception of HPRT (7, 8) and G6PD (9) , no other X-linked genes have been analyzed in a large enough number of individuals to address the possibility of heterogeneous expression on the Xi.
Historically, a number of approaches have been used to address whether a particular X-linked gene is subject to or escapes from inactivation (reviewed in refs. 1 and 10). Protein polymorphisms have been used to distinguish Xa and Xi expression in clonal cell lines from heterozygous individuals (11) . In heterozygous carriers of X-linked disorders, the mosaic expression of a protein in a subset of cells has provided evidence that the gene involved is expressed only on the Xa chromosome (12) (13) (14) . In contrast, the nonmosaic expression of steroid sulfatase, STS, in clonal cell lines demonstrated that this gene escapes inactivation (15) .
Approaches that require the identification of protein isozymes or heterozygous carriers of individual X-linked disorders are not amenable to testing the inactivation status of a large number of X-linked genes. An alternative approach has been to examine the dose-dependence of protein or transcript levels between individuals with different numbers of X chromosomes. Strict dosedependence suggests that a gene is not dosage compensated and therefore escapes X inactivation (16, 17) . This approach can identify genes that fully escape inactivation, but is more difficult to interpret for others, such as the human STS gene (18) or the murine Smcx gene (19, 20) , that are only partially expressed from the Xi chromosome relative to the allele on the Xa.
In response to the need to examine the X inactivation status of the complete battery of X-linked genes, a number of studies have relied on a model system using rodent͞human somatic cell hybrids that retain either human Xa or Xi chromosomes (21) (22) (23) (24) (25) . Although such studies have demonstrated that many X-linked genes are stably inactivated in hybrids (23) , the possibility remains that the inactivation status of other genes may not be adequately reflected in this model system because certain epigenetic features of the inactivation process are not fully maintained in hybrids (26, 27) .
To develop a complementary approach to the study of X inactivation directly in human diploid cells and to avoid the potentially confounding aspects of the somatic cell hybrid system, we describe here an assay system that tests the expression of X-linked genes by using transcribed polymorphisms to distinguish Xa and Xi expression in an extensive panel of primary human cell lines from females with nonrandom X inactivation caused by the presence of a structurally abnormal X. To demonstrate the utility of this approach, seven X-linked genes were tested by using this system. Surprisingly, expression of one of these genes, REP1, was heterogeneous; monoallelic expression, consistent with X inactivation, was detected in some lines, whereas biallelic expression, indicating escape from X inactivation, was detected in others. We conclude that the inactivation status of at least some X-linked genes varies among different females and may reflect chromatin differences among different X chromosomes that determine whether a given gene escapes from or is subject to X inactivation. itory (http://locus.umdnj.edu/nigms/) or from the references listed. Cell lines were maintained and RNA and DNA were prepared as described (23) . Methylation assays were performed as described (28, 29) .
PCR-Based Expression Assays. Primers identified with an asterisk were 32 P or fluorescently labeled. An A to G transition at position 381 from the published REP1 sequence (30) correlates with an ApaLI or HhaI restriction enzyme site. Primers to identify the polymorphism were REP1-10: CAGGATTTGCATGAA-GATGTCG and *REP1-11: TCGCTGCTTGGAGTTTGTTC, and allele ratios in HhaI-digested products were confirmed by reciprocal ratios in samples cut with ApaLI. For XIST, G6PD, and FMR1, the polymorphisms did not correlate with endogenous restriction site differences. Underlined nucleotides in primers indicate that a mismatch was incorporated at a nonpolymorphic nucleotide, with the 3Ј end of each of these oligonucleotides positioned just upstream of the polymorphic site. PCR products amplified with this primer create a restriction site when one of the alleles is present. An XIST polymorphism (31) was detected by using the primers *XIST-150F: AGCTATATCTGCTGAAT-GATCATTGATTAC and XIST-150R: TCATTCCTATCTG-TATAGAACTGTAGGATT, and alleles were distinguished by digestion with HinfI. To analyze G6PD (32, 33) , samples were amplified with G6PD-1311R: GTGAAGCTCCCT-GACGCGTA and *G6PD-E: TTCTCCAGCTCAATCTG-GTG, and labeled products were digested with RsaI to distinguish alleles. To genotype DNA samples for a single nucleotide polymorphism in the FMR1 gene (34) , samples were amplified with FMR1-TaqI: GATGTGCCAGAAGACTTTCG and *FMR1-DNA: CATCAGACACGTGTATAGCCA, and expression was tested by amplification with FMR-TaqI and *FMR1-cDNA: GACTCCGAAAGTGCATGTCA. Alleles were differentiated by TaqI digestion. Size polymorphisms were present in three other genes. A polymorphic CA repeat in KIAA0128 (35) was identified by comparing sequences deposited in GenBank, and alleles were distinguished by amplification with *F: ACAAGCA-CATATTAACAGCCACA and R: CAAGAAGTTTGCTT-TCCCTAGC. Similarly, the CA repeat in ZXDA was assayed by using primers ZXDA-cpx210d: TCAATTAAGGTGGGAG-GCAG and *ZXDA-cpx210c: TGTGAGGTAATTATG- Nonrandom inactivation in the cell lines listed were determined indirectly by late replication (as reported in the references listed) or by methylation assays at the androgen receptor (AR) or fragile X (FMR1) loci, and͞or directly with expression assays at the XIST, G6PD, FMR1, ZXDA, DXS6673E, or KIAA0128 loci. *For each cell line, the relevant X chromosome portion of the karyotype is listed. Complete karyotypes are listed by the NIGMS cell repository at http:͞͞locus.umdnj.edu͞nigms͞.
Genetics: Carrel and Willard
Proc. Natl. Acad. Sci. USA 96 (1999) GCAAAGTC (36) . For DXS6673E, primers *1f: AGACAAG-GACAGAAAGGGGG and 2: GGAGTTTTCCTCCCT-CACCA were used to resolve alleles of a highly polymorphic transcribed repeat (37) . To establish quantitative conditions under which the relative abundance of each allele could be determined, products were amplified for an initial 25-30 cycles with standard conditions, except for DXS6673E, which required 30-35 cycles of amplification with touchdown PCR (38) with an annealing range of 68°C to 52°C. Subsequently, DXS6673E products were resolved and analyzed on an ABI 373. For XIST, G6PD, FMR1, and REP1, a primer extension reaction that used an aliquot from each sample was then performed with a 32 P end-labeled primer. These products were subsequently digested with the appropriate restriction enzyme to distinguish alleles. By using this strategy, only products from the final extension are analyzed and quantitative conditions are not compromised by heteroduplex formation. Because the detection of each allele does not require separate reactions, this approach eliminates potential error caused by sample loading. Relative band intensities were quantitated on a PhosphorImager using IMAGEQUANT software (Molecular Dynamics). Mixing controls established a level of sensitivity for each assay of Ͻ 1% to 5% relative to the intensity of the other allele.
Single-Cell Reverse Transcription-PCR (RT-PCR) Analysis. Trypsinized fibroblasts were resuspended at very low density and visualized on a Nikon SMZ-U dissecting microscope equipped with a 1.5ϫ objective. Individual cells were isolated in a volume of ϳ1 l by using finely drawn Pasteur pipettes, then placed into PCR tubes on ice. Cell lysis, RT reactions (using the primer REP1-15: 5Ј-CCTGTCACTTCAGCACCATT-3Ј) and nested PCRs were performed as described (39) . cDNA was initially amplified for 40 cycles with primers REP1-15 and REP1-16: 5Ј-TTGCTCTTAGCAGGAAGGAC-3Ј. Subsequently 3-l aliquots were further amplified for 30 cycles with internal primers REP1-14: 5Ј-GTTATGCCAGTCAGGATTTGC-3Ј and REP1-11: 5Ј-TCGCTGCTTGGAGTTTGTTC-3Ј. Both primer pairs exclusively amplify cDNA. Positive samples were assayed as described above.
To control for contamination, additional tubes containing lysis buffer but no cell were simultaneously processed, and, appropriately, no amplification products were seen in any of these control tubes. Experiments were scored only when Ͼ70% of cells were successfully amplified.
For mixing controls, single cells from homozygous individuals were mixed 1:1 in all wells to mimic full Xi expression in every cell (model A), 1:3 in each well to represent reduced Xi expression in all cells (model B), or 1:1 in one-third of wells (with the other wells containing cells of only a single allele) to mimic full Xi expression, but in only a proportion of cells (model C). Cells were lysed and a volume of lysate was removed (half of the lysate for models A and for the wells that contained cells mixed 1:1 in model C, and three-fourths of the lysate for model B), leaving the equivalent of a single cell for subsequent analysis.
RT-PCR Analysis in Somatic Cell Hybrids. The somatic cell hybrids used for these studies have been previously described or were generated by using established protocols (23) . PCR primers for PGK1, MIC2, and XIST have been published (23) . REP1 and DXS6673E primers were designed from published sequence, REP1-5: ACAGTGCCAGCAGAGGAA, REP1-4: TCAGC-CTGTTTGACTGCA (40), DXS6673E-4: TGCTCGTCATC-CTGCCTCAC, DXS6673E-5: ACACTGGTCACAACAGT-TGG (37) . All primer pairs were annealed at 55°C and amplified for 30 cycles.
RESULTS
Assaying X Inactivation in Nonrandomly Inactivated Primary Fibroblast Lines. The fibroblast cell lines used for this study were derived from females carrying a variety of structurally abnormal X chromosomes (Fig. 1A) . In cell lines with abnormal Xs, complete nonrandom X inactivation ensures proper dosage of X-linked gene products (41, 42) . With these fibroblasts, transcribed polymorphisms could be analyzed to test whether gene expression was monoallelic (expressed only from the Xa chromosome, indicating that the gene is subject to X inactivation) or biallelic (expressed from both X chromosomes, indicating that the gene escapes inactivation). A panel of 40 primary cell lines was assembled (Table 1) . Nonrandom X inactivation was established either by previous cytogenetic studies of late replication or by standard PCR-based methylation assays (Fig. 1B) (29, 43) . With the PCR assays, we determined that all (of 28 informative lines) were nonrandomly inactivated at a sensitivity of Ͼ95:5 (Table 1) .
To evaluate X-linked gene expression in these cell lines, we initially assayed loci whose X inactivation status is well established: G6PD, FMR1, and XIST (11, 15, 23, 44, 45) . Ten fibroblast cell lines were heterozygous for a polymorphism at position 1311 of the G6PD transcript (32, 33) , and RT-PCR analysis indicated that only one allele was expressed for all 10 nonrandomly inactivated cell lines ( Fig. 2A) , consistent with G6PD being subject to X inactivation. Similarly, monoallelic expression of an FMR1 polymorphism was seen for each of the four heterozygous cell lines (34) . Additionally, an XIST polymorphism (31) was informative in 17 cell lines, and all showed monoallelic expression (Fig. 2 A) , consistent with previous data demonstrating that XIST is expressed only from Xi chromosomes (31, 45) . Expression was next tested for genes whose inactivation states were unknown or had been established previously solely on the basis of Xi expression in somatic cell hybrids. Assays were developed to examine expression of polymorphisms in DXS6673E (37), ZXDA (36) , and KIAA0128 (sequence from ref. 35 ). All 23 heterozygous cell lines showed monoallelic DXS6673E expression, as did seven informative cell lines for ZXDA and 14 heterozygous cell lines for KIAA0128. Together with the above data, these studies indicate that the X chromosome inactivation patterns of many genes are consistent among different individuals. Combined with the results of the cytogenetic and methylation assays, these data for XIST, G6PD, FMR1, ZXDA, DXS6673E, and KIAA0128 comprise strong evidence that all 40 informative lines show essentially complete nonrandom inactivation (Table 1) .
REP1 Shows Heterogeneous Expression in Nonrandomly Inactivated Fibroblast Lines. Expression was also analyzed for the gene REP1, mutations in which are responsible for the X-linked eye disorder choroideremia (40) . REP1 encodes a Rab escort protein (46, 47) and is expressed in many cell types, including skin fibroblasts. Nine lines in the panel were heterozygous for a transcribed REP1 polymorphism that results in reciprocal cleavage by the restriction enzymes HhaI and ApaLI (30) . As shown in Fig. 2B , REP1 expression in fibroblasts was heterogeneous among different cell lines, with some showing clear evidence of biallelic expression and others showing only monoallelic expression. We developed a quantitative assay (see Materials and Methods) to measure the relative expression of the Xa and Xi alleles in heterozygous lines. Among the nine informative cell lines, three showed essentially monoallelic expression (Xi expression Յ1% of Xa levels; e.g., line 128 in Fig. 2B ), whereas REP1 was biallelically expressed in the other lines, with Xi expression levels ranging from 5% to 42% of Xa levels ( Table 2 ; Fig. 2B) . Importantly, for all lines that showed biallelic REP1 expression (Table 2) , expression assays for XIST, G6PD, DXS6673E, ZXDA, and͞or KIAA0128 confirmed complete nonrandom inactivation (Table  1) . That REP1 Xi expression does not simply reflect aberrant expression from structurally abnormal chromosomes is indicated by the finding that six of the nine lines examined carry balanced X;autosome translocations ( Fig. 1 A) ; thus, in these lines, the intact normal X is the Xi. Of the six REP1-informative lines in this category, four showed clear evidence of REP1 Xi expression whereas the other two showed only Xa expression ( Table 2) .
Single-Cell Analysis of REP1 Expression. The levels of REP1 Xi expression that we observed could represent reduced expression from each cell within a cell line or cellular heterogeneity if the gene escapes inactivation in only a subset of cells. Therefore, because primary (i.e., untransformed) fibroblast cultures are established by the outgrowth of multiple cells, heterogeneous escape from inactivation could reflect inter-individual differences, either in levels of Xi expression or in the percentage of cells escaping inactivation. Because REP1 Xi transcript levels are not high enough to use RNA fluorescence in situ hybridization of nascent transcripts to distinguish these possibilities, we used single-cell RT-PCR to examine REP1 Xi expression.
Initially, a series of controls were performed to determine the sensitivity of the assay. Single cells from homozygous individuals were mixed in proportions to mimic full Xi expression in all cells (model A), reduced Xi expression in all cells (model B), or Xi expression in only a proportion of cells (model C). Cells were lysed and a volume of lysate was removed, leaving the RNA equivalent of a single cell for subsequent processing (see Materials and Methods). Expression of both alleles in the samples mixed 1:1 (model A) was detected in 51% of samples with detection of only one or the other allele in the remaining 49% (Table 3) . Alleles expressed at a reduced level (representing a partially expressed Xi allele, as in model B) were less frequently detected; if detected, they were usually in samples that also expressed the Xa allele (Table 3 ). In contrast, in a mosaic sample consisting of some cells that express only the Xa allele and others that express both Xa and Xi alleles (model C), both the frequency of Xi allele detection and the proportion of samples expressing both alleles were reduced (Table 3) . Thus, the distinct amplification profiles from these controls could be used to infer the cellular basis for REP1 heterogeneity in the fibroblast cell lines. RT-PCR was then performed on single cells from the t(X;19) fibroblast cell line that showed the highest level of REP1 Xi expression (line 51). Biallelic REP1 expression was detected in Ͼ60% of successfully amplified cells (Table 3 ). This result is most consistent with models A or B, in which all cells express REP1 from the Xi; it is incompatible with model C. That the ratio of cells expressing only the Xa allele to those expressing only the Xi allele was different from 1:1 contradicts the expectations of model A and suggests that the level of Xi expression is reduced in this line. This estimate is consistent with the Ϸ40% estimate derived from the intensity of the two alleles, as seen in Fig. 2B . Thus, we conclude that, at least in line 51, REP1 is expressed from the Xi in all cells, but at levels that are reduced relative to the Xa allele.
REP1 Shows Heterogeneous Expression from Inactive Xs in Somatic Cell
Hybrids. Not all X-linked genes show uniform expression patterns in Xi-containing somatic cell hybrids (23) . Whether the observed heterogeneity reflects a similar degree of heterogeneity in human cells or indicates instability of the inactive state for some genes in somatic cell hybrids (26) is currently unknown. To examine this question for REP1, we analyzed expression of the REP1 gene by RT-PCR in 10 independent mouse-human somatic cell hybrids that retain a human Xi. As in human cells, REP1 showed heterogeneous expression among the hybrids tested; the gene was well expressed from seven Xi hybrids, but showed little or no expression from three other hybrids (Fig.  3) .
The Xi for two of the somatic cell hybrids tested were derived from two of the primary fibroblast lines described in Table 1 . Importantly, results for the somatic cell hybrids were similar to those seen in the fibroblasts; the Xi allele of REP1 in cell line 48 showed undetectable expression and was also not expressed in a hybrid derived from line 48, whereas REP1 was well expressed from Xi in cell line 51 and from the same Xi isolated in a hybrid (Fig. 3, lanes 8 and 12, and Table 2 ).
DISCUSSION
Previously, three different expression patterns have been recognized for X-linked genes: those subject to X inactivation, those escaping inactivation, and a single gene, XIST, that is expressed exclusively from the Xi in somatic cells. Here, we describe a fourth class of gene on the X chromosome, represented by REP1, that shows heterogeneous Xi expression, being subject to inactivation on some X chromosomes and escaping inactivation to different extents on others. The existence of genes in this category has implications for understanding both the chromosomal control of gene expression on the Xi and varied clinical manifestations in heterozygous carriers of X-linked disorders.
What is the basis for the heterogeneity of REP1 expression observed in both human cells and somatic cell hybrids? Inactivation of human genes is believed to be extraordinarily stable (reviewed in ref. 48 ). However, this conclusion is based on studies of a relatively small number of genes containing a strong CpG island (7, 49) . As the number of genes that escape inactivation or show heterogeneous escape from inactivation increases, the possibility that such patterns reflect reactivation of previously inactivated genes (e.g., ref. 50) may need to be investigated more comprehensively. Our single-cell RT-PCR data for cell line 51 support a model in which all cells express REP1 from the Xi, yet the level of expression, relative to Xa, is reduced (Table 3 ). This experiment suggests that reactivation in a subset of cells is not a likely mechanism in this cell line, at least not for REP1.
REP1 heterogeneity instead likely points to inter-individual differences in the organization of heterochromatin on inactivated X chromosomes. Concerted mapping and expression studies have identified clusters of genes that escape inactivation, suggesting that at least portions of the X are comprised of coordinately controlled domains (51) . Whether REP1 maps to such a domain is unknown, because the region in Xq21.3 is relatively gene-poor and the inactivation status of the few genes identified that map within a few megabases of REP1 is unknown. If adjacent genes do escape X inactivation, REP1 heterogeneous expression patterns could be explained by variability in the location of domain boundaries or in the effectiveness of heterochromatin spreading (52, 53) . Alternatively, factors specific to REP1 (e.g., enhancers) may influence transcription variably within a heterochromatic environment (54) .
It may be feasible to distinguish among some of these possibilities by determining whether patterns and levels of REP1 Xi expression are heritable or stochastic. Although family studies using the assay presented here would not be straightforward (because this would require nonrandom X inactivation in multiple family members), mapping of this trait may lead to the identification of trans-acting factors involved in Xi heterochromatin formation or of cis-acting sequences necessary for Xi gene control. Notably, there are important parallels between the REP1 data as reported here and inter-individual variability as observed for some imprinted genes (55) (56) (57) (58) (59) . As many imprinted genes also cluster in specific chromosomal domains (reviewed in ref. 60) , studies of epigenetic variability in both imprinting and X inactivation may lead to greater understanding of global mechanisms of gene silencing and heterochromatin formation. Whether the heterogeneous pattern of Xi expression described here for REP1 could reflect an imprinted state is currently unclear, because the parental origins of the X chromosomes analyzed here are, in most instances, unknown. Nonetheless, this question could be addressed in future studies.
The current panel of nonrandomly inactivated human lines was assembled in part to complement the somatic cell hybrid model system for studying X inactivation (23) . Although in most instances Xi expression patterns in hybrids are also seen in primary fibroblasts, it is possible that expression states of some genes in fibroblast cell lines will not be well maintained in somatic cell Model A  37  22  27  51  Model B  41  47  9  44  Model C  39  72  15  13  Line 51  127  30  9  61 Single-cell RT-PCR detection of REP1. For each sample, the percentage of successfully amplified cells (or, for the control experiments, the number of wells containing the RNA equivalent of a single cell) that showed expression of one or the other allele (or both) is indicated. For the controls, homozygous cell lines were mixed to mimic Xi expression that was: equivalent to Xa expression in all cells (model A); reduced to 25% of Xa expression levels in all cells (model B); or equivalent to Xa expression, but only in one-third of cells (model C). Independent experiments gave similar results.
FIG. 3.
Expression from Xa and Xi chromosomes in mouse͞human somatic cell hybrids for DXS6673E and REP1. Negative images of ethidium bromide-stained PCR products are shown. As controls, PGK1 is subject to X inactivation and verifies the inactivation status of the hybrids, and MIC2, a gene that escapes inactivation, demonstrates the presence of amplifiable human X chromosome cDNA from each hybrid sample (23) . Amplification products in lanes 1 and 2 are from human (H) and mouse (M) controls. Lanes 3-5, hybrids carrying Xa chromosomes; lanes 6-15, hybrids carrying Xi chromosomes.
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Genetics: Carrel and Willard Proc. Natl. Acad. Sci. USA 96 (1999) hybrids. Proper maintenance of X chromosome inactivation may depend on a redundant system of late replication, DNA methylation, histone hypoacetylation, and XIST RNA association with the Xi chromosome (reviewed in ref. 61 ). Although dozens of the genes that we assayed are stably inactivated in all hybrids tested (23), the systems for maintenance of inactivation of some genes in inter-specific hybrids may not function as well as in primary human cell lines (26, 27) . If so, such epigenetic instability would be of considerable interest mechanistically.
It is important to consider potential clinical consequences of X inactivation heterogeneity. Skewed inactivation patterns are often implicated to explain manifesting or attenuated phenotypes in females that are heterozygous for X-linked defects (reviewed in refs. 42 and 62) . Whether variable Xi expression, such as that documented here, could similarly impact clinical presentation in heterozygotes will depend on the gene involved and on the levels of Xi expression. Heterozygous carriers of REP1 are described as having variable degrees of patchiness of the retinal pigment epithelium (63, 64) , a phenotype that has been widely interpreted as reflecting random X inactivation (46, 63) . Given the data reported here, it will be necessary to reevaluate these conclusions and to determine whether REP1 Xi levels influence the clinical presentation in this disorder.
Last, given the range of patterns of X-linked gene expression, a comprehensive survey of inactivation patterns for all widely expressed X-linked genes, using the panel of primary cell lines described here, would clearly be of interest. A complete X inactivation profile will provide relevant information for clinical cytogenetics and genetic counseling and give insight into the genomic and epigenetic organization of the X chromosome. Although, to date, the number of highly informative, transcribed X-linked polymorphisms limits this approach, genome sequencing efforts are anticipated to generate large numbers of single nucleotide polymorphisms (65, 66 ) that should greatly facilitate these studies.
